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ABSTRACT 
In this Investigation, an attennt was made to 
/ 
determine the DC current conducting mechanism In thin 
films of nolystyrene.  Thin films of polystyrene ran- 
ging from 1000A to 3500A* were solution-cast onto sili- 
con substrates o-* both conductivity types.  Top con- 
tact to the 'lira was by means of vacuun evaporated 
aluminum; the silicon wafer constituted the bottom 
contact. 
The current-voltage characteristics were measured 
on films of various thicknesses and the temperature de- 
pendence of current was determined. Detailed Examina- 
tion of the data suggest that when a positive voltage 
Is applied to the aluminum contact, space charge lim- 
ited conduction is the dominant mechanism. When the 
polarity of the applied voltage is reversed, the mech- 
anism appears to be a combination of Schottky emission 
and space charge limited current.  Current flow due to 
holes is considered to explain the difference In mech- 
anism between the two allied polarities.  Further re- 
search is indicated to more clearly understand these 
effects. 
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I. INTRODUCTION 
Although rruch research has been devoted to an 
understanding of the nhyslcal and chemical properties 
of polymers, a comparatively snail effort has been 
devoted to ascertaining their electrical characteristics. 
Wherever detailed analyses have been performed, most 
of the efforts have been on the determination of the 
bulk and surface electrical properties of thick samples. 
With the data obtained during this research, it 
Is readily apparent that polymers are quite good lnsul- 
21 ° 
ators; volume resistivities as high as 10  ohm-cm have 
been reported(1-3). As a conseauence, the literature Is 
filled with applications for polymers as bulk insulators. 
Recently, researchers have speculated on the use 
of polymers in situations where their high volume resis- 
tivity allows the use of thin polymer films as insulators. 
Bui, Carchano, and Sanchez(4) indicate that a polystyrene 
film would offer notable improvements in performance 
over films of SIO2 in the passivation of semiconductor 
devices, especially in its resistance to passage of al- 
kali metal Ions and its resistance to radiation effects. 
Harada(5) has indicated that a nolylmlde film, when used 
as an insulator between metallization steps In multilevel 
Integrated circuits, offered a much lower failure rate 
than when conventional films of S10„ were used. 
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In a different type of application, Maedonald(6) 
has speculated on the use of the space charge region In 
thin Insulator films as a voltage sensitive nonlinear 
element In parametric amplifiers for microwave frequen- 
cies. 
Other applications Include thin film coatings for 
high reliability electronic circuits^ 7), and thin film 
Insulators for high temperature GaAs solar cell arrays(8). 
With the Increasing utilisation of polymers as 
thin films, It becomes necessary to examine their elec- 
trical characteristics more closely. At present, It 
should be said that the mechanisms for conductivity In 
thin polymer films are poorly understood; research 13, 
at best, scattered and results are often conflicting. 
For a number of Important reasons, It Is not pos- 
sible to scale down the data obtained from thick polymer 
samples to explain the behavior of thin films. 
Most obvious Is the fact that a thick sample Is 
more likely to contain impurities, inclusions, and other 
flaws; large defect-free samples of polymers are extremely 
difficult to prepare. Thus, any conduction mechanism 
would depend, for a large part, on extrinsic effects which 
would not necessarily represent the true polymer behavior. 
Assuming that a large perfect sample were available, 
accurate measurement of the I-T characteristics would also 
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present serious problems.  Because of the high bulk 
resistivity of the typical polymer sample, any ireasure- 
raent yielding a current within the range of the average 
laboratory Instrument would require a very hlfrh voltage 
to be Impressed across the sanple. 
In this case, assuming that a hlirh voltarre supply 
with sufficient stability and low noise were available, 
the data obtained would be subject to a number of errors. 
With a high voltage source and a large sample, It would 
be extreir.ely difficult to accurately describe the exact 
path of the current through the sample. Unless careful 
electrode geometry were maintained, surface leakage and 
alternate current paths through the sample would prove to 
cause unexplalnable variations in the measurements. Sev- 
eral researchers have reported anomalous effects when sub- 
jecting polymer samples to high voltages. Predeckl and 
SwaroopO) report an oscillatory behavior in samples of 
mylar and teflon. Segui, Bui, and Carchano(lO) indicate 
that a type of bistable switching phenomenon is possible 
In polystyrene films when subjected to hi^h voltage pulses, 
Conventional processes of polymer film formation 
such as blow molding and extrusion are clearly unaccept- 
able for producing thin defect-free films of a few thou- 
sand angstroms or less. Many processes have been reported 
In the literature for the formation of thin films, among 
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them being solution castlng(ll), crystal growing In warm 
polymer-solvent raixtures( 12), evaporation from a solid 
polymer source In a vactrain( 13), and polymerization of a 
nonomer gas onto a substrate via electron bombardment 
(14-16), glow dlscharge(17-19), or silent electrical dls- 
charge(20). 
Unfortunately, most of the abovementioned processes 
hare serious drawbacks. Research on the conductivity of 
thin polymer films created by crystal growing or vacuum 
deposition has been limited to polyethylene because of 
the difficulty of adapting these processes to other types 
of polymers. More deceptive, however, are the problems 
involved with using thin films formed by polymerizing a 
nonomer gas. 
When a film is formed in this manner, a substrate 
is introduced into a vacuum chamber and the chamber evac- 
uated. The monomer gas is then introduced at a carefully 
controlled pressure. Then, through either electron bom- 
bardment or through an electrical discharge, the gas 
is polymerized onto the substrate. When sufficient poly- 
mer has been deposited, the sample is removed from the 
chamber and tests are performed on it. 
As can be seen from this brief description, the 
researchers are basically concerned with the thickness 
of the deposited polymer layer and not its composition 
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and molecular weight. Thus It Is possible to hare wide 
variations In the characteristics of naterlals produced 
In this manner.  In fact, Stuart(21) Indicates that, des- 
pite attempts to control reaction conditions, polystyrene 
fllras forced through a glow discharge hare a wide range 
of values of AC electrical characteristics. Bui, Car- 
chano, and 3anche2(22) report a refractive Index of 1,708 
for their polystyrene films created In a glow discharge. 
This value contrasts markedly with the typical value of 
1.54 given In the trade llterature(23). 
Solution casting has some disadvantages but they 
are relatively minor.  In casting fllras from solution, 
a polymer Is dissolved in a suitable solvent.  Then, 
either by dipping a substrate Into the mixture or dropping 
the filtered solvent onto the substrate, the solvent- 
polymer mixture is applied.  The amount of mixture on the 
substrate and hence the thickness of the final polymer 
film is controlled either by spinning the substrate at a 
high rate of speed(24) or by controlling the rate of 
withdrawal of the substrate from the mlxture(26). When 
the solvent has evaporated, a near- perfect polymer fiUn 
should remain. 
Obviously, this method is limited to those polymers 
which dissolve in available solvents. Teflon, other types 
of fluorinated polymers, and certain types of polyoxy- 
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ethylenes are difficult If not Impossible-'to solution 
cast. Another difficulty may arise if the solvent used 
to dlssolre the polymer evaporates very quickly. When 
this Is the case, a film Is created on the substrate 
before the solvent-polymer mixture has a chance to evenly 
distribute Itself. Upon drying, the film is almost 
always uneven, streaked, or otherwise flawed. 
Many polymer-solvent combinations lend themselves 
to solution casting. Polycarbonates and the various 
acrylic plastics are soluble in methylene chloride and 
ethylene dlchlorlde and will produce reasonably good films 
despite the high evaporation rate of the respective sol- 
vents. Other polymers which produce excellent films In 
less volatile solvents are polyethyl methacrylate, malele 
anhydride, polystyrene, polyethylene, and chlorinated 
polyethylene.  Solvents suitable for use with these 
polymers Include xylene, butyl acetate, and benzene. 
In this Investigation, it was decided to concen- 
trate most of the effort in determining the 'jlectrlcal 
characteristics of a set of polymer thin films. Although 
efforts to produce a high quality film from one of the 
more difficult polymers would prove quite rewarding In 
the long run, limitations of laboratory equipment and 
the scope of this investigation would require a selec- 
tion from the latter group of polymers easily cast from 
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the less volatile solvents. 
Another criterion for the selection of a polymer 
for analysis was the rejpjlarlty of results.  In research 
for a masters' thesis, Sas3anann(26) conducted an ex- 
tensive survey of the I-V characteristics of a number of 
polymers which were easy to solution cast Into thin films. 
Of the four polymers which he examined In detail, poly- 
styrene, chlorinated polyethylene, polyethyl raethacrylate, 
an3 nalelc anhydride copolyraer, polystyrene seemed to have 
the raost reproducible set of results. 
In addition, after several weeks of experimenta- 
tion. It was found that a solution of polystyrene In 
n-butyl acetate cast a consistently perfect film from 
thicknesses of 800 to 4000 angstroms. Since polystyrene 
was becoming Increasingly used as a thin film Insulator 
and its intrinsic electrical properties were largely tm- 
deternlned, It was decided to conduct this Investigation 
using thin films of polystyrene. 
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II. EXPS?>Hff:?:TAL ?.aTHOD 
To measure the conductivity of a thin flla re- 
quires two electrode surfaces of oxtrene flatness. Be- 
cause of their availability and their perfectly flat 
surface, silicon slices were used for the bottom elec- 
trode or substrate. For reasons which will be explained 
later, a thin layer of aluminum was deposited on top of 
the polystyrene layer to serre as the other contact. 
Good electrical contact was provided on the reverse .side 
of the silicon slice by a thick layer „of deposited gold. 
Figure 1 Illustrates the cross section of the entire 
package. 
In order to provide a large number of effective 
sanples from one silicon slice, the deposition of the 
aluminum contact was masked off into a pattern of 20 
mil circles.(Figure 2) In this manner, each dot pro- 
vided the capability of making a measurement over a 
small area of the slice without being affected by flaws 
which may have occurred in other areas of the slice. 
The complete process of preparing a sample from 
the raw polymer is as follows: 
The substrate is cleaned in a series of organie 
solvents. Consecutive immersions in boiling trichlor- 
oethylene, acetone, and methanol remove grease, oil, 
and;most other organic contaminants. The substrate is 
-9- 
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Figure 2.  Metal  contact pattern(not to  scale) 
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then rinsed In delonleed water to remove all traces of 
the last raethanol bath. Afterwards, the slice Is Immersed 
1c a 125 C. solution of concentrated sulfuric acid with 
a small ano-:nt of hydrogen peroxide added.  This solu- 
tion effectively removes all traces of organic contamin- 
ants not removed In the previous steps and perhaps more 
importantly, dissolves Ionic contaminants such as sodium, 
potassium, calcium, etc., and fixes them In solution. 
Care must be taken In this step because although resistant 
to the strong oxidizing solution in the most part, the 
silicon slice may become pitted and therefore useless 
through prolonged immersion in the bath or overuse of 
hydrogen peroxide as an additive.  The acid immersion 
is followed by thorough rinsing with deionized water, 
Kow the silicon slice is gently swabbed with a 
dilute 10%  solution of hydrofluoric acid. In the pre- 
vious step, a heavy buildup of SiO was created by the 
Immersion in the acidic bath. The dilute HP solution 
dissolves the oxide layer without affecting the silicon. 
If the Si02 layer were not removed, it would create an 
additional barrier to conduction between the silicon and 
the polymer thin film, creating a source of inaccuracy 
in the measurements. 
Although exposure to air causes additional oxide 
growth, the rate is relatively slow. Experiments have 
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shown(27) that a perfectly oxide free silicon slice will 
£TOw a 20 to 30 angstrom la7er of SiO„ -upon exposure to 
air. Afterwards, however, the growth will be quite alow. 
Thus, If the the deposition of the polymer film Is dono 
quickly a^tcr the Initial oxide removal, little or no 
ef'ect will be noticed. 
A 2* solution w/w of polystyrene In n-butyl acetate 
Is prepared.  The cleaned silicon slice Is attached to & 
high speed spinner with a vacuum chuck. A standard hypo- 
dermic syringe fitted with a mllllt)ore filter to remove 
any undissolved solids Is filled with the solution. A 
few drops are placed on the slice and the spinner is sot 
into motion. 
By adjusting the speed of the splrsner between 
9000 and 12000 rpm, it Is possible to vary the thickness 
of the deposited .polymer film. The faster the speed, the 
less solution is left to dry on the slice and conse- 
quently the thinner the cast film and vice versa. 
An accurate thickness determination is made by 
observing the color of the hardened film. When the thin 
film is viewed by the naked eye, interference effects will 
give the layer a characteristic color which depends on the 
film thickness, its index of refraction, and the spectral 
distribution of the incident viewing light* Color charts 
already exist in numerous references(28) for the quali- 
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tatlve determination of the thickness of S102 layers 
observed perpendicularly "under daylight fluorescent 
lighting.  Since the refractive Index of SlOg (1.46) 
is approximately the sane a3 that of polystyrene (i.54)t 
the charts may be used ?/ith little correction factor. 
With careful visual observation and the use of the charts, 
thickness determinations within 100 angstroms are pos- 
sible^). 
Using a stereoscopic microscope with a dark field 
attachment, the film Is scrutinized for defects such as 
bubbles. Inclusions, and streaks.  To be useful, a film 
doesn't have to be perfect over the entire area of the 
slice; this is an advantage of using a mask to break up 
the top contacts as explained earlier. 
Gently, using the same dilute HF solution used 
earlier, the back of the slice is swabbed to strip it of 
oxide. Since the polymer film is somewhat hygroscopic, 
care must be taken so that none of the solution wets the 
front of the slice with the thin polymer film. After 
removing the oxide layer, the slice is placed in the 
vacuum deposition chamber and a 1000 angstrom layer of 
gold is deposited to "provide a suitable back contact. 
After the gold deposition, a mask is gently placed 
on top of the polymer film and the deposition of the top 
metal contact is done in the vacuum chamber. As will be 
-14- 
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explained later. It was desirable to have different metals 
as top contacts so that the effect of varying work func- 
tions at the metal-polymer barrier could be observed. 
However, because of the low 80° C  softening point of 
polystyrene, metals with a high deposition temperature 
such as chromium were found to be unsuitable. Aluminum 
proved satisfactory for a top contact. After a micro- 
scopic examination of the final deposition step, the 
slices were placed In a dessicator to prevent absorp- 
tion of moisture until ready for measurement. 
In this Investigation, a two-fold series of meas- 
urements was attempted to provide data for the analysis 
of the conduction mechanism.  The first Involved a de- 
tailed set of I-V characteristics at room temperature 
for a number of sample thicknesses and for both polari- 
ties of applied voltage.  The second set of measurements 
were conducted at a constant voltage in a temperature 
chamber and the current flow was observed over a range of 
temperatures. 
Figure 3 shows a schematic diagram of the I-T 
measuring system. Note that the voltmeter is connected 
ahead of the electrometer; this is different from the 
usual case where the voltage measuring device is connec- 
ted across the sample under test.  The high resistivity 
of the sample makes this connection necessary. If a 
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FlErure 5. Schematic of measuring systea 
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voltmeter were to be connected across the sample, it 
would hare to hare an extremely high input irapedanee 
so that It would not affect the current reading on the 
electrometer.  In the Indicated hook-up, any correction 
necessitated by the voltage drop across the electrometer 
was minimized by  operating the unit In the feedback mode, 
which created a voltage drop of only a few millivolts. 
The applied voltage was measured with a standard 
laboratory voltmeter with an accuracy of better than 1<. 
The power sunply was chosen to provide a stable, noise 
free source with good long-term regulation. 
A pictorial of the actual setup Is shown in Figure 
4,  The sample Is placed on a gold plated brass block. 
A mlcropositioner with an Insulated spring-loaded con- 
tact provides an electrical connection to the top contact 
of the sample. Note that all connections between the 
sample and the electrometer are made with rigid coaxial 
conductors.  This is necessary because of the extremely 
low currents that must be measured.  If flexible or 
cable connections were used, any vibration or movement 
would change the shape of the cable and hence Its capaci- 
tance. The charging current as a result of this change, 
however small, would seriously affect the measurement 
and would cause a long delay until the charge in the 
altered geometry of the connection had stabilised. 
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1. Shielded, blackened cover 
2. Micropositioner adjustment screws 
3. Spring-loaded contact 
4. Grounding strap 
5. Gold-plated brass sample holder 
6. BNC connector to electrometer 
7. Sample 
8. Heavy aluminum baseplate to damp vibrations 
Figure 4. Sketch of measurement setup 
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The moasuring platform Is covered by a blackened, 
brass-covered wood box which Is bonded to the baseplate 
with copper braid at several places. Total darkness is 
necessary to prevent light from affecting the conduc- 
tivity of the polymer.  The copper and brass shielding 
Is necessary to prevent stray fields from affecting the 
sensitive current measurements, 
When an I-V measurement was to be taken for any 
particular sample, an Initial microscopic examination 
allowed the selection of a number of dots which appeared 
regular and without defects.  The position of the good 
dots was noted and the sample placed on the brass block. 
The spring loaded contact was lowered until It just touched 
the top aluminum contact without breaking through to the 
polymer beneath. 
From zero applied volts, the voltage was slowly 
raised until the particular dot being examined broke down. 
This process was repeated for several more dots to get 
an idea of the maximum voltage which could be applied 
without ruining a particular area. A brief summary of 
the breakdown voltages and the associated bulk resis- 
tivities calculated from them is given in Table 1. 
After the breakdown voltages were obtained for 
a specific sample thickness, detailed I-V measurements 
were made. From zero applied volts again, the voltage 
-19- 
t • ■• V 
|    SAJTLE RESISTIVITY «UK»^ 
1000A n-type IxlO17 ohra-cm 3.2xl06 V/cm 1 
1300A p-tyi>e IxlO16 ohm-cm 2.6xl06 V/cm 
1400A p-type 1 * 6X10 ' ohm-cm 3.3xl06 V/cm 
1500A n-type 6xl017 ohm-cm 2.8x10 V/cm 
1500A p-type 17 3x1<T-/ ohra-cm 2.7xlOb V/cm 
1900A p-type IxlO17 ohm-cm 3.2x10 V/cm 
2700A n-tyne 18 5x10 ohm-cm 6 2.3x10 V/cm 
1 3500A p-type 
 "■■ ^ n 
!• 2xlOx ohm-cm 2.4x10 V/cm 
Table 1. Representative breakdown voltages and 
  resistivities for various samples 
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was raised In steps of approxlnately 5"i  of the measured 
breakdorn value. After each change In voltage, the 
current was allowed to stabilise for about 15 minutes 
before a measurement was taken. When the applied voltage 
reached 90,^ of Its breakdown value, further Increases 
were stopped and the voltage was returned gradually to 
sero.  The polarity of the applied voltage was reversed 
and the measurements repeated. 
In all the I-V measurements, any changes in applied 
voltage were made gradually because of charge storage in 
the polymer film.  Because of the high polymer resistivity, 
redistribution of Internal charge with changes in the 
external field progressed very slowly. As a result, if 
abrupt changes were made in the applied field, some areas 
of the film would be subjected to fields in excess of their 
breakdown levels even though the total field impressed 
across the entire sample was well within breakdown limits. 
▲ local breakdown would occur and spread throughout the 
sample under test, destroying it for subsequent use. 
After I-V measurements, attempts were made to 
take data at varying temperatures In a temperature cham- 
ber. Difficulties were encountered when using the cham- 
ber at low temperatures because of the contraction of the 
spring-loaded contact to the top of the sample. As the 
temperature was lowered, the spring constant changed and 
-21- 
the contact tended to leav* the sanple.  The change In 
pressure on the sanple caused enormous fluctuations In 
the measured current making an accurate measurement 
quite difficult. 
These problems were not experienced when using- ' 
the chamber at elevated temperatures. However, an up- 
per limit was set by the low glass transition temper- 
ature of the polystyrene sample. 
In addition to the problems caused by changes in 
temperature, measurements were hindered by vibrations 
from the circulating fan in the chamber. Because of the 
vibrations, the spring contact tended to move about on 
the top contact of the sample and cause large fluctua- 
tions in the current measurement. After several attempts 
at weighting the chamber to damp out vibrations, it was 
possible to obtain a set of data without further prob- 
lems. 
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III. THEORY 
To facilitate analysis, the raw I-V data oust be 
plotted In such a manner as to Detroit eormarlson with the 
I-V beharior predicted by the different possible conduc- 
tion mechanisms.  Since several possible mechanisms exist, 
a brief analysis of each wo^ld serve to eliminate those 
which clearly do not fit the measured characteristics 
of the polymer films. 
Ohmic, or electronic conduction, is a direct result 
of the translational motion of valence electrons through 
the material(30).  The equation for current flow is 
given by: 
J ~ E e*p (- b. £<* l*T) 
where T =current density through the sample,C =electric 
field Impressed across the sample,E^g =activation energy 
of electrons.(31) 
Ionic conduction is similar to ohmlc conduction 
except the carriers are ions.  Important differences are 
related to the fact that Ions are much larger than free 
electrons and are not readily Injected or withdrawn 
from the sample.  Thus, a significant time delay may exist 
between the application of an electric field and the meas- 
urement of the full current. Also, significant material 
transport may occur as a result of charge transfer.(32h" 
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The equation for Ionic current flow Is: 
J/v -|re*p (-bEti /kr) 
where J*,E are as indicated previously andf^is the activ- 
ation energy *°r ions. 
When studying current carrying mechanisms in poly- 
mers, it must be understood that most polymers are amor- 
phous; any type of crystalline order is short range at 
best. Another fact is that the density of thermally 
generated carriers is neglegible at room terperature. 
Thus It seems highly unlikely that ohmic or ionic con- 
duction mechanisms would prevail. 
Other mechanisms exist for conduction which are 
not dependent on the free carriers -"ithin the insulator 
for their operation; rather they are dependent on the 
contacts made to the insulator for the supply of carriers. 
At best, as it shall be seen, the bulk effects serve to 
limit the number of carriers injected at the contacts. 
Ijf contact is made to an insulator by an electrode 
whose work function is smaller than that of the insula- 
tor, an ohmic or injecting contact is created.(33) When 
a voltage is applied, the space charge created in the 
Insulator by the application of the contact increases. 
The charge is redistributed within the space charge re- 
gion to compensate for changes in applied voltage. The 
free space charge conducts the current through the in- 
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sulator and Is the limiting mechanism for current tran- 
sport. Thus this mechanism is called space charge lim- 
ited current, often abbreviated SCIC. 
To solve the space charge systen and get a re- 
lationship between current and voltage requires the 
solution of a large number of differential equations(34); 
only the final result will be eriven here. 
For a perfect, trap-free insulator, the relation- 
ship is: 
,      g*keV* 
where T =current density,M> =carrier mobility,6 permit- 
tivity of free space,K=dielectric constant of the sam- 
ple, S =sample thickness, andV =voltage impressed across 
the sample.(35) 
If the insulator contains shallow traps, the rela- 
tionship becomes: 
■J.   2^-UL © 
where the new termQ)=density of shallow traps. 
When the trapping levels take on a continuous, 
exponential distribution, Rose(36) indicates a depen- 
dency of the form: 
where I =measurement temperature and Tt =a character- 
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istlc temperature above the measurement temperature. 
Returning to the equation for SCLC In an Insul- 
ator with shallow traps and assuming a constant temper- 
ature^ and(Hyire temperature dependent), the equation 
isay be written for a sample of any given thickness as: 
J«CE2 
It can clearly be seen that a plot of log J versus 
log E will produce a straight line with a slope of 2. 
If the currents through samples of differing thick- 
nesses are compared at a constant field, the relation- 
ship will be: 
J=£/s3 
A plot of log J versus log s will give a slope of -3 
for space charge limited mechanisms. 
When the number of injected carriers is less than 
the number of thermally generated carriers within the 
insulator, space charge effects will not be noticed; 
ohmic conduction will predominate via the effects of the 
intrinsic carriers. Obviously, because of the extremely 
small number of volume-generated free carriers in most 
insulators, any ohmic conduction will only occur at a 
very low current level.(37) 
If, however, the work function of the electrode 
is greater than that of the insulator, a blocking contact 
will be created. TThen the work functions of the insul- 
ator and the electrode are the same, a neutral contact 
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Is formed.  In either of these cases, to enter the In- 
sulator, the carrier has to climb a barrier. 
If the Insulator Is very thin, the current mech- 
anism may be turnellng.  The equation for tunnel emis- 
sion Is: 
where fg =barrier heirht and** =effective mass.(38) 
When the Insulator film Is much thicker, the cur- 
rent Is mainly due to electrons thermally excited over 
the potential barrier.  The equation for thermionic, or 
Schottky emission is: 
J- AT2exp (-&|kl)ex? (?S F V*/|0") 
where A=constant for thermionic emission,^=barrier height 
pj =a constant related £o critical field and barrier 
height. 
A bulk analog of Schottky emission Is the Frenkel- 
Poole effect.  Whereas in Schottky emission electrons 
have to be boosted over a barrier at the insulator-elec- 
trode Interface, in the Frenkel-Poole case, the barrier 
exists within the insulator at a donor center or trap.(39) 
The attendant equation Is: 
JA, £ e»f r-frClfr-^JggT] 
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IT. DATA 
The raw data obtained *rora the en>eriments Is 
summarized in the following figures. !Jote that the cur- 
rent through each 'ilm is nlotted 'or both nolarlties of 
applied voltare.  The points where the aluminum contact is 
positive r-ith resnect to the silicon substrate are plotted 
with (+) signs; negative points are clotted rith (•) signs, 
In some cases, films were produced on both n-tyne 
and p-type silicon slices.  Both types of material were 
•used to see if variations in current carrying phenomena 
depended on semiconductor conductivity type.  The semi- 
conductor orientation was such that the flat surfaces 
were perpendicular to the 100 direction. The resistivity 
of the n-type material was 10 ohm-cm; the p-type material 
was 15 ohm-cm. 
The I-V data for each thickness/silicon type com- 
bination has been plotted in two ways.  The first graph is 
plotted as log J versus log E in an attempt to determine a 
possible ""it with space charge limited current phenomena. 
i 
The second plot is log J versus E to determine whether 
emission limited effects exist. 
The final figure is a plot of the temperature 
data obtained for several different samples. Along with 
graphs of the data, respective activation energies cal- 
culated from it are noted. 
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T. ANALYSIS 
From a cursory exanination of the data, it la 
apparent that nowhere does a linear J-V relationship 
exist. Along with the fnct that polystyrene is anor- 
phous and ha3 few free carriers, the data fhows that it 
is highly unlikely that ohraic or ionic processes are 
responsible ^or the conduction mechanism. 
Further examination 0" the log J versus lor S 
plots shows a marked thickness dependence for measure- 
ments taken with a positive polarity to the top contact. 
A plot of the thickness dependence of the positive po- 
larity at a 'ield of 2x106 V/cm is given in Figure 22. 
Note that many of the points agree with the line having 
a slope of -3. 
Figure 23 is a composite sranh of the log J versus 
log E plots for a negative potential applied to the top 
aluminum contact. No consistent thickness dependence 
can be ascertained from this graph, and although some 
variation exists, it may be attributed to experimental 
error and fixed system offsets. 
It can be seen by inspection of the equations for 
Schottky emission and Frenkel-Poole, that, at a constant 
applied field, no thickness dependence for these two 
mechanisms is indicated. 
From these data alone, there exists a possibility 
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that the conduction mechanism Is dependent on the pol- 
arity of the applied voltage.  Although somewhat sket- 
i 
ehy, the lor J vs. l/T data °hown in Ftrure 21 tends to 
support this Idea.  In the two curves Illustrating tem- 
perature denenience ^or nosltive aDolied polarity, there 
exists a linear relationship between log J and l/T. 
Since each curve is made with a different type silicon 
substrate and the slopes are nearly Identical, It Is 
reasonable to assume that this mechanism Is independent 
of silicon type.  The only available curve for tempera- 
ture dependence of a sample with negative applied pol- 
arity shows a small but definite nonlinear!ty.  These 
curves are further evidence that the mechanism differs 
with the polarity of the applied voltarre. 
Prom the indicated data, it may be theorized that 
the mechanism for the condition where a positive voltage 
is applied to the aluminum contact is space charge lim- 
ited current.  Several factors support this theory. 
Examination of the curves for positive applied vol- 
tages plotted as log J vs log E show that the main, cen- 
tral portion of each curve has a slope of nearly 2. The 
upper parts of the curves, i.e. at fields higher than 
6 
about 10 V/cm, have greater slopes because of the 
probable onset of field limited emission. 
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Although 3ome of the curves do not exhibit slopes 
of exactly 2, this may be attributed to the exlster.ee o-* 
distributed tra^Dinr levels.  As Indicated before, an ex- 
ponential distribution of trans will cause the log J vs 
log E curve to hare a slope /erreater than 2. Also, from the 
sane eouatlon, It can be seen that an additional tear>er- 
ature dependence factor Is introduced so that a plot of 
log J vs 1/T need not be a straight line as evidenced by 
the plot for negative voltage in Figure 21. 
In the determination of the conduction mechanism for 
the case where a negative voltage Is applied to the alu- 
minum, it is obvious that a different mechanism must be 
due to reversed polarities at the interfaces between the 
polymer and its electrodes. Hence the new mechanism must 
be electrode dependent and thus a Schottky or tunneling 
phenomenon. 
The sample is too thick to allow tumeling currents 
to become significant; thus the logical choice is Schottky 
emission from the silicon slice into the polymer layer. 
This does not preclude the possibility that another mech- 
anism such as SCLC or Frenkel-Poole also contributes to 
the conduction process. 
Figure 24 shows the I-V characteristics described by 
the equations for space charge limited current, Schottky 
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•mission, and Frenkel-Pcole emission. The curves are 
plotted as log J 7s S which fires a str^lc^t line for 
Sehottky emission.  The oth^r two mechanisms give curves 
that are bowed do-^n^ards.  Thus, if a.current flor rrere 
'P 
composed of Sehottky emission and one of the other tro 
mechanisms, the net result would be a nonlinear plot 
bowing dOTmwards in the lop: J TS E*' graph. 
Referring to the measured log J vs E-' plots, it can 
be seen that the curves for negative applied voltages 
are almost straight but with a slight dormward bow. 
Thus, a possibility exists that Sehottky emission Is 
combined with Frenkel-Poole or SCIC. 
Frenkel-Poole emission Is a bulk-tyoe mechanism 
and Is Independent of interface characteristics and the 
polarity of the applied voltage.  Thus, Its effects 
should be seen ^or positive anplied voltages also. In 
figure 26, data for the three mechanisms being consid- 
ered are plotted as log J Vs log E.  In this graph, a 
SCIC mechanism will show up as a straight line.  The 
other two mechanisms will plot bowing upwards. 
Looking at the log J vs log E plots for positive 
applied voltages, it can easily be seen that no def- 
inite nonlinearity exists until the region of high fields 
is reached.  If Frenkel-Poole is not seen here, it is 
reasonable to assume that it does not exist in the case 
-62- 
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for the other polarity. 
The curves for negative applied voltages do, how- 
ever, have a slope o' about 2  in some cases.  Thus, a 
good candidate for the other mechanism combined with 
Schottky emission is SC1C.  The lack of thickness desen- 
dence nay be due to the possibility th*t the snace 'charge 
layer extends from the silicon slice through the entire 
sample, thus becoming Independent of thickness. 
To explain why this space charge layer does not 
extend throughout the polymer layer when positive vol- 
tages are applied, the current carriers are postu- 
lated as being holes.  Since a metal such as aluminum is 
a very poor source of holes, the conditions where a 
positive voltage is applied would have very few holes 
injected into the polymer and would show definite thick- 
ness dependence. Presumably, if the sample were thin 
enough, the space charge region would extend through- 
out the sample and the behavior for the two applied pol- 
arities would be much the same. 
Further research will be necessary to remove any 
doubt as to the complete mechanism for current flow in 
polystyrene. 
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71. STJigi'.RY 
Unlike metal3 and rost semiconductors, polystyrene 
la amorphous and has few free electrons.  Thus, its 
conductivity is very low ard the possible conduction 
mechanisms, Schottky emission, Frenkel-Poole emission, 
space charge limited current, ar.d tunneling, are more 
complex than those o+  ohraic and ionic conduction. 
Analysis o* the data shows the conduction process 
to be a combination of two mechanisms. When a positive 
voltage Is applied to the aluminum contact, space charge 
limited conduction Is Indicated. TThen the polarity of 
the applied field Is reversed, the mechanism appears to 
be a combination of Schottky emission and space charge 
limited current. 
Prom the previous data, it appears that the domi- 
nant current carriers In polystyrene are holes. Although 
the amount of data Is not particularly large, it is 
Indeed possible to assume that the predominant mechanism 
Is space charge limited current where the ultimate lim- 
iting factor Is the supply of holes as evidenced by the 
drastically altered behavior when the reverse voltage is 
applied to the samples. 
Although not much work has been done which considers 
hole flow as a primary mechanism, the concept has been 
mentioned by a number of researchers. SlTnmons(40) ln- 
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dlcates that hole flow is Indeed possible but furth-r 
explains th-it tt may bo unlikely In rsost insulating films 
because of the very low mobility of the holes and also 
the tendency of holes to becose Quickly l-raobillsed by 
traps.  Larrpert(41) roes through a lengthy discourse 
on the probability of current -*low with both types of 
carriers. 
It Is clear that additional work is necessary to 
understand the conduction raechar.isms in nolystyrene. Of 
all the research done on conduction in polymers, only 
one set of sketchy data by Kanisako, Aklyama, and Shino- 
hara(42) is directly concerned with oolystyrene; using 
films of about 40 um thick, they conclude that the main 
conduction mechanism is space charge limited but fall to 
fully substantiate the validity of their data. 
Further research using different metals as electrodes 
abd neasurements at extended temperatures would help to 
x clarify the problem of conduction in polystyrene. 
-66- 
BI3LI0GHA??-Y 
I.E. Sassanarm, unpublished masters' thesis, Lehlph 
DnlTernity, p.IB 
2.C. Harper, Electronic Design, 24, *-J13, 90, (1976) 
3.S. Gross, ed., ?!odern Plastics Sncyclooedia, McGraw- 
Hill Press, 173-4, (1972) 
4.A. Bui, H. Carchano, D. Sancher, Thin Solid Films, 
13, 207, (1972) 
6.M. Harada, Electronic Design, 21, ^13, 54, (1973) 
6.J.R. Macdonald, Proceedings of the IHE, 48, 1483, 
(1960) 
7#C. Harper, loc. cit. 
8.NASA Tech Reports, 1,, 43, (1976) 
9.P. Predeckl, N. Swaroop, Polymer Letters, 9, 43, 
(1971) "" 
lO.K. Segui, A. Bui, H. Carchano, Journal of Aunlied 
Physics, 47, Ho. 1, 140(1976) 
11,P. Carnell, Journal of Applied Polymer Science, 
9, 1863, (1965) 
12,G. Senecal, J. Earn, Journal of Applied Physics, 42, 
2417,(1971) "~" 
13.1. Whire, Vacuum, 1J5, 449, (1965) 
14.1. Gregor, I. Kaplan, Thin Solid Films, 2, 96, (1965) 
16.H.T. Mann, Journal of Applied Physics, 35, 2173, 
(1964) "~~ 
16#M. Stuart, Proceedings of the IEE, 112, 1614, (1965) 
17.A. Bui, H. Carchano, D. Sanchez, loc. cit. 
18.N. Bashara. C.T. Doty, Journal of Applied Physics. 
35, 3498, (1964) 
19.A. Bradley, J.P. Hammes. Journal of the Electrochemical 
Society, 110, 15, (I960) 
-57- 
20.T. Hlral, 0. Nakada, Jaranes Journal of Aoplied 
Physlcc, Z*   112, (1968) 
21.M. Stuart, loc. clt. 
22.A. Bui, H. Carchano, D. Sanchez, loc. clt. 
23.E. Baer, editor. Engineering Design for Plastics, 
Relnhold, 653, (1964) 
24.K. Sassamann, loc. clt. 
26.P. Carcell, loc. clt. 
28.K. Sassamann, loc. clt. 
27.F. Lukes, Surface Science, 30, 95, (1972) 
28.W. PI 1 skin, E. Conrad, 13!.! Journal of Research and 
, Development, 8,   43, 1964 
29.W. Runyan, Semiconductor Measurements and Instru- 
mentation, McGraw-Hill, 173, (1975) 
30.C. Wert, R. Thomson, Physics of Solids, McGraw-Hill, 
228, (1970) 
31.S. M. Sze, Physics of Semiconductor Devices, Wlley- 
Interscience, 496, (1969) 
32.op. clt. 
33.A. K. Jonscher, Thin Solid Films, 1,  231, (1967) 
34.G. T. Wright, Solid State Electronics, 2, 167, (1961) 
35.J. G. Simmons, DC Conduction in Thin Films, Mills 
and Boon, 45, (1971) 
36.A. Rose, Physical Review, 97, 1540, (1955) 
37.M. Lamport, Proceedings of the IRE, 50, 1786, (1962) 
38.J. G. Simmons,  op. cit. 
39.M, Ieda, G. Sawa, S. Kato, Journal of Applied Physics, 
42, 3737, (1971) 
-58- 
40.J.G. Sir-mons, Journal of Physics D. Applied Physics, 
4, 614, (1971) 
41.11. Larapert, Physical Rerlew, 103, 1648-9, (1956) 
42.E. Eamlsako, S. Akiyar.a, E. Shlnohara, Japanese Journal 
of Applied Physics. 13,   1780, (1974) 
-69- 
YITA 
Richard J. Skibo, son of John R. and Helen H. 
Sklbo, was born on Hay 27, 1951, in Fountain Hill, 
Pennsylvania. He received a Bachelor of Science in 
Electrical Engineering from lehigh University in 1971. 
-60- 
